Abstract: Twelve 3-cyano-4-(substituted phenyl)-6-phenyl-2(1H)-pyridinones were investigated by tandem mass spectrometry using positive as well as negative electrospray ionization. The influence of the electron affinity of the substituent and the steric effect on the fragmentation is discussed. Pyridinones with a substituent of low proton affinity show loss of water, HCN or benzene from the pyridinone ring in the first step of MS 2 fragmentations. Oppositely, if a substituent with high proton affinity is present on the phenyl ring in the 4-position of pyridinone, the fragmentation paths are complex, depending mainly on the substituent proton acceptor ability. Elimination of neutral molecules CO, HCN, H 2 O, PhH (benzene) or Ph and CN radicals are fragmentation processes common for all compounds in the subsequent steps of the fragmentations.
INTRODUCTION
The interest in various 3-cyano-4-(substituted phenyl)-6-phenyl-2(1H)-pyridinone derivatives stems largely from their unique properties, which enable their use not only in the production of dyes, pigments, fuel and oil additives, but also for the development of medicinal products having a broad spectrum of biological activities.
An excellent review on the synthesis, reactivity and biological activity of 3--cyanopyridine-2(1H)-chalcogenones has been published. 1 Substances that improve the blood circulation and cardiotonic activity were also mentioned. Among the other types of biological activities of this class of compounds, it is worth mentioning analgetic and antihypertensive, anti-anaphylactic, diuretic and sodio-224 MARINKOVIĆ et al. diuretic, anti-oxidant, antiviral, and antimicrobial compounds. 1,2 Biologically degradable agrochemical products, plant growth regulators, pesticides and herbicides are also produced from derivatives of pyridinones. [3] [4] [5] Various tautomeric forms of these molecules determine their chemical behaviour and some additional information in the study of their properties can be seen from their MS 2 spectra.
One of the classic studies of lactim/lactam tautomerism is the determination of the 2-hydroxypyridine (2HP)/2-pyridinone (2PYR) equilibrium. UV/Vis, 6, 7 mass spectrometric, 8 photoelectron, 9 low-temperature matrix isolation and IR spectroscopic 10 measurements revealed that 2-hydroxypyridine exists in the gas phase and in inert matrices under equilibrium conditions mainly in the lactim form. Considering the equilibrium in solvents of different polarity, it was found that increasing the solvent polarity shifted the equilibrium towards the pyridinone (lactam) form. Furthermore, the hydrogen bonding ability of the solvent plays an important role, since hydrogen-bond donors tend to stabilize the oxo form (lactam), whereas hydrogen-bond acceptors stabilize the hydroxy form (lactim).
In order to determine the structure-fragmentation relation, the fragmentations of selected pyridinones in an ion source as well as in an ion trap were analyzed. The investigated pyridinones had the following structural formulae: where X is: H (1); 4-CH 3 (2); 3-CH 3 (3); 3-Cl (4); 4-Cl (5); 2,4-di-Cl (6); 4-CN (7); 3-OPh (8); 4-OCH 3 (9); 3,4-di-OCH 3 (10); 3-NO 2 (11) and 4-N(CH 3 ) 2 (12) .
The effect of the phenyl substituent in the 4-position of the pyridinone ring, steric and tautomerism effects on the fragmentation patterns are discussed. EXPERIMENTAL Twelve 3-cyano-4-(substituted phenyl)-6-phenyl-2(1H)-pyridinones were synthesized following a procedure described in the literature. 11, 12 An exception was 3-cyano-4-(4-cyanophenyl)-6-phenyl-2(1H)-pyridinone which was synthesized by microwave irradiation of a mixture of 4-cyanobenzalacetophenone, ammonium acetate and ethyl cyanoacetate at 600 W for 6 min.
The new compounds which, to the best of our knowledge, have not been described in the literature, are as follows: 3-cyano-4-(3-phenoxyphenyl)-6-phenyl-2(1H)-pyridinone, m. p. 244--246 °C and 3-cyano-4-(4-cyanophenyl)-6-phenyl-2(1H)-pyridinone, m.p. 323-325 °C. In addition, the compounds 3-cyano-4-(3-nitrophenyl)-6-phenyl-2(1H)-pyridinone, m.p. > 330 °C
Mass spectra
The typical peaks that appear in the ESI + -MS spectra of all the investigated pyridinones are protonated molecular ion [ Two peak groups were also observed, which correspond to multi-charged cluster ions.
The negative ion mass spectra of the investigated pyridinones exhibit far fewer ions than the positive MS. In addition to the deprotonated (quasi-molecular) ion [M-H] -, the only prominent ions present in the negative ion MS are [2M-2H+ +Na] -and [3M-3H+2Na] -. Compared to the positive ion MS, the total ion current was at least ten fold lower in the negative ion MS, which could easily be explained by the high proton affinity of the studied compounds.
Fragmentation reactions of [M+H] + ions: MS 2 and pseudo-MS 3 spectra
In order to understand the influence of the different substituents on the phenyl ring of the pyridinone on the stability of the ions in the gas phase, collisioninduced dissociation (CID) of the protonated molecular ion was studied. A prominent protonated molecular ion, present in the spectra of all pyridinones, was isolated in the ion trap and subjected to collision with He in order to obtain the MS 2 spectrum. Subsequently, in-source collision-induced dissociation (ISD) of the protonated molecular ion was studied and it was compared to the CID in the ion trap. As the ISD and CID spectra of the quasimolecular ions showed only negligible differences in the intensity of the peaks, it was possible to perform a pseudo-MS 3 CID of the daughter ions generated in the ion source. Mass spectral data for investigated pyridinones in the positive ion mode are presented in Table  I . The CID spectrum of the protonated molecular ion of 4-(3-chlorophenyl)-3-cyano-6-phenyl-2(1H)-pyridinone is presented in Fig. 1a , as an example of a MS 2 spectrum. (9) a Superscript of the m/z values defines the corresponding structure in Schemes 1-3; b Compound 11 follows the path d1 -d4 but water loss, instead of hydroxyl radical, was observed 1-3 and the mass spectral data in Table I . The LCQ Advantage spectrometer does not allow exact mass measurement, therefore the exact composition of the detected ions and lost neutral fragments could not be determined. The proposed structures are based on literature data and chemical logic.
Based on CID and ISD/CID mass spectral data from Table I , two main fragentation paths of the investigated pyridinones could be defined.
The first fragmentation pattern includes loss of a water molecule, HCN or benzene (PhH) as the first step of the MS 2 fragmentation. These loses were observed for compounds 1-7 and are presented in Schemes 1 and 2. The pyridinone ring of these compounds is destabilized by protonation on either the nitrogen or oxygen, thus the fragmentation occurs primarily at the pyridinone structure. A completely different fragmentation pattern was observed for compounds 8-12 (Table I) The solvent (methanol) is a hydrogen bond acceptor and donor and significantly influences the appropriate equilibrium of the tautomeric forms of the investigated pyridinones (67 mmol/mol for 2HYP/2PYR). 13 The hydroxy tautomeric form of pyridinone is readily protonated under ESI + conditions, water elimination occurs easily, being the main fragmentation path under MS 2 conditions for compounds 1-7 (Scheme 2). After water loss, further fragmentations depend on the electronic character of the substituents. For compounds with electron-donor substituents, the fragmentations follow a1-a2-a3 path, while for compounds with electron-acceptor substituents abundant ions a4 and a5 are given (Scheme 1).
The loss of HCN (fragmentation "route b", Scheme 1) followed by either the loss of CO or a CN radical was observed only for compounds 2 and 3, in which a non-polar and weak electron donor methyl group is the substituent on the phenyl ring. In this case, the pyridinone ring is destabilized and by either loss of CO or a CN radical decomposes, probably to form a five-membered, heterosubstituted ring (ions b2 and b4, Scheme 1). The disubstituted compound 6 follows the path a1(m/z 323)-a4 (m/z 288) by loosing only one chlorine radical in this fragmentation step.
The loss of a PhH molecule is a common fragmentation observed for compounds 1-7, and the fragmentation mainly follows the path through the c1-c2-c3 sequence (Scheme 2). The intensities of the corresponding ions depend on their electronic properties. Pyridinones having a weak electron-donor or one chlorine substituent (compounds 1-5) further fragment by the loss of CO and HCN from the pyridinone ring to the c3 ion. An exception is compound 6, in which the two chlorine atoms contribute to strong electron acceptor properties. Compound 6 follows either the path to the c3 ion without a trace of the c2 ion or by elimination of Cl or HCN from the c1 ion yielding the c4 and c5 ions. The significant abundance of the c4 ion in the pseudo MS 3 of compound 6 indicates the stabilisation of this ion by the positive resonance effect of the remaining chlorine atom. The structures of the c4 and c5 ions of the disubstituted chlorine compound 6 contain one and two chlorine atoms, respectively. Compound 7, in which the substituent is the cyano group with strong electron-acceptor properties, fragments to the c1 ion, showing quasimolecular ion stability.
The complete loss of substituent from [M+H] + follows the fragmentation paths presented in Scheme 3. This type of fragmentation is influenced by a significant destabilisation of the protonated quasimolecular ions by the electron acceptor-character of the substituent. Compounds 4 and 5 (3-Cl and 4-Cl substituents, respectively) gave a base peak d2 in the pseudo MS 3 spectra, showing a significant pyrrole type fragment stability. Considering the position of the chlorine atom in compounds 4 and 5, small influences on the fragmentation paths could be observed. On the contrary, the fragmentation of the [M+H] + ions from compound 6 is somewhat different, indicating that the ortho position of the chlorine atom causes rotation of the 4-substituted phenyl ring for certain dihedral angle from a plane of the pyridinone ring. From this point of view, it is clear that the geometry of the investigated compounds also influences the fragmentation paths to some extent. For compound 6, after the loss of one chlorine from [M+H] + , the second one remains attached in structures d1, d2 and d4.
If substituents with a significant proton acceptor affinity are present in the investigated compounds, the complex fragmentation paths depend mainly on the proton acceptor ability. Compound 9, (with one methoxy group) and compound 10 (with two methoxy groups) show some similarities but also some differences in the fragmentation paths of their [M+H] + . The methoxy group was fragmented by the loss of a methyl radical, leaving a hydroxy group as a possible site for the expulsion of carbon monoxide (m/z 232) or loss of a water molecule (m/z 242). On the contrary, in the case of compound 10, the loss of a methyl radical is followed by the loss of a formyl radical from the second methoxy group, gene-rating the m/z 289 ion. Subsequent fragmentations involving the loss of CO, PhH and H 2 O molecules are the usual fragmentations observed for all compounds. Fragmentation of compound 12 is strongly affected by the high proton acceptor affinity of the dimethylamino group. The protonated amino group easily releases methane, providing a base peak m/z 300 in the MS 2 spectrum of this compound, which after a loss of HCN produces the m/z 273 ion. The so-created methylimino group is significantly stable and further fragmentation occurs by elimination of either a PhH molecule or loss of an OH radical, producing m/z 195 and 256 ions, respectively. The nitro group present in compound 11 does not posses proton acceptor affinity but, after the well-known loss of a NO radical, the formed hydroxyl group is a good proton-acceptor (m/z 288).
The loss of a CO molecule, a typical fragmentation for 2-pyridinones molecular ion under EI condition, 14, 15 is only observed for compound 8 with a low abundance of the m/z 337 ions in the MS 2 spectrum. However, by expulsions of CO from b1, c1, d1, m/z 288, 260 and 289 ions were also observed in the quasi-MS 3 spectra. This indicates appropriate influences of the tautomeric forms from the equilibrium in the sample solution to the fragmentation paths of the investigated compounds under ESI + condition.
Fragmentation reactions of [M-H] -
Contrary to the positive ESI-MS, where elimination of H 2 O molecules was favoured, the main fragmentation process in the negative ESI-MS was the elimination of CO molecules, observed for almost all the investigated compounds. An example of the MS/MS spectrum of the [M-H] -of 4-(3-chlorophenyl)-3-cyano--6-phenyl-2(1H)-pyridinone is presented in Fig. 1b . The mass spectral data obtained in the negative ionization mode for [M-H] -of all investigated compounds are presented in Table II . (8) The fragmentations of compounds 9, 10 and 12, with strong electron-donor substituents, show the loss of a methyl radical. These fragmentations are similar to the corresponding ones in the ESI + mode. Phenyl radical loss is the base peak in the spectrum of compound 8. The substituent in compound 11, being a strong electron-acceptor, shows the ability to lose a nitrosyl radical in the negative ionization mode. The main fragmentation process for the chloro-substituted compounds is the loss of HCl, probably due to the accommodation of a negative charge on chlorine atom, which extracts the neighbouring proton. Typical fragmentations of the investigated pyridinones in the ESI -ionisation mode are presented in Scheme 4. Different factors influence the fragmentation pattern of the investigated pyridinones in the positive ionization mode. The position and proton affinity of the substituents play an important role in the fragmentation processes in the MS 2 and MS 3 spectra. Pyridinones with a substituent of low proton affinity show loss of water, HCN or benzene from the pyridinone ring in the first step of MS 2 fragmentations. Conversely, if a substituent with a high proton affinity is present at the phenyl ring in the 4-position of pyridinone, the complex fragmentation paths depend mainly on the substituent proton acceptor ability. Elimination of neutral molecules CO, HCN, H 2 O and PhH (benzene) or Ph and CN radicals are fragmentation processes common for all compounds in the subsequent steps of the fragmentations.
The ionisation mode significantly influences the fragmentations depending on the tautomeric form of the investigated compounds. In ESI + , water molecule elimination indicates that protonation of the hydroxyl group of the lactam tautomer occurs. On the contrary, in ESI -, expulsion of a CO molecule indicates deprotonation of the hydroxyl group.
